Introduction
============

Adaptations to novel food sources are found in numerous species from flies to humans. During dietary specialization, modifications to gene expression regulation are likely to have played an important role ([@evw180-B10]; [@evw180-B61]; [@evw180-B9]). Gene expression evolution may occur through adjustments in transcriptional and posttranscriptional regulation, and gene duplication events ([@evw180-B93]; [@evw180-B17]; [@evw180-B41]; [@evw180-B90]). For example, the continuous production of lactase into late human development allowed for adult digestion of lactose in milk, and is thought to be due to *cis*-regulatory changes in an enhancer region upstream of the lactase gene ([@evw180-B48]). Similarly, copy number variation has been observed in the amylase genes of humans, with increased expression and corresponding protein levels being associated with a high starch diet ([@evw180-B69]).

Pollen feeding is one such dietary specialization that occurs at different developmental stages across herbivorous insect species ([@evw180-B12]; [@evw180-B88]). Some pollen feeding species feed only as larvae, laying down fat reserves later used for adult nutrition. Others feed as adults, and some as both larvae and adults, to provide a source of nutrition for sexual maturation and body maintenance ([@evw180-B20]). Female honey bees *(Apis mellifera*; [@evw180-B47]) and hoverflies, for example, require pollen for successful reproduction ([@evw180-B34]). Among butterflies, *Heliconius* are the only species known to supplement their adult diet by feeding on pollen ([@evw180-B74]). *Heliconius* females do not require pollen for reproduction but, when ingested by females, pollen provides essential amino acids that are directly provisioned into the eggs ([@evw180-B35]; [@evw180-B26]). Additionally, adult pollen feeding for both *Heliconius* sexes allows for the extension of lifespan from around 3--5 weeks to 6 months, and increased reproductive output ([@evw180-B35]; [@evw180-B11]; [@evw180-B68]).

Pollen feeding in *Heliconius* involves a suite of adaptive phenotypes that differentiate them from nonpollen feeding species, including morphological, behavioral and metabolic differences ([@evw180-B35]). Pollen feeding *Heliconius* species have a significantly longer proboscis, with longer and more numerous sensilla trichodea, which may aid in the collection and retention of pollen grains ([fig. 1](#evw180-F1){ref-type="fig"}; [@evw180-B56]). Once collected, pollen is masticated on the proboscis through a unique pollen processing behavior that involves the coiling and uncoiling and side-to-side movements of the proboscis combined with salivary discharge ([@evw180-B35]; [@evw180-B56]; [@evw180-B27]; [@evw180-B55]). The saliva of pollen feeding species is known to contain proteolytically active proteases, and some evidence suggests increased proteolytic activity in response to the presence of pollen ([@evw180-B28]). The salivary glands of *Heliconius* are larger than those of nonpollen feeders, although differences in anatomical features that control saliva secretion in the proboscis do not appear to differ ([@evw180-B29]). Intriguingly, although the salivary glands are thought to produce the majority of digestive proteins in lepidopterans, in moths the proboscis produces at least one enzyme directly: the trypsin-like serine protease *cocoonase* ([@evw180-B51]). [Fig]{.smallcaps}. 1.---.Scanning electron micrograph of the head and mouthparts of *Heliconius melpomene*. (*A*) Labial palps (lp), proboscis (pr) and proboscis tip region (tr). (*B*) Sensilla trichodea (st) found on the proboscis, (*C*) Magnified view of the proboscis which is comprised of dorsally and ventrally linked galeae (g) linked by dorsal ligulae (dl). The tip region contains sensilla styloconica (ss) that are club shaped and flattened.

It has been suggested that the evolution of adult pollen feeding in *Heliconius* allowed for a greater investment of adult resources in reproduction, which freed larval resource investment for defensive purposes ([@evw180-B16]). This suggests that pollen feeding could have played an important role in the evolution of Müllerian mimicry within the genus ([@evw180-B63]; [@evw180-B36]). However, little is known about the genetic basis of pollen feeding or the pathway by which pollen feeding evolved.

Although RNA sequencing has been used to identify the expression of gustatory, olfactory, and ionotropic receptors in mouthparts of individual *Heliconius* butterflies ([@evw180-B13], [@evw180-B87]), no studies have quantified genome-wide expression in the butterfly proboscis. The proboscis is of particular interest because it harbors morphological features associated with pollen feeding, and, in moths, directly secretes at least one digestive protein. Thus, we used high-throughput RNA sequencing to characterize gene expression and identify candidate pollen feeding genes in the mouthparts of four *Heliconius* species and one out-group species, *Eueides isabella*, that does not feed on pollen. We hypothesized that due to morphological differences and because pollen has a much higher amino acid content compared with nectar, we might observe an upregulation of genes annotated with morphological and proteolysis functions in our *Heliconius* mouthparts transcriptomes compared with the nonpollen feeding *Eueides*. Our aims were to: 1) identify common upregulated genes and their functions in the mouthparts of all five species, and 2) identify *Heliconius*-specific mouthparts-upregulated genes that might have specific functions in pollen feeding adaptations.

Materials and Methods
=====================

Sampling, mRNA Extraction and Sequencing
----------------------------------------

Butterfly samples were obtained from a Costa Rican butterfly farm, Suministros Entomológicos Costarricenses, S.A. Butterflies were shipped as pupae and hung within a humidified chamber at room temperature until eclosion. Adult butterflies were fed on diluted ∼1:10 100% honey and were then fresh frozen in −80 °C freezer 1--2 days after eclosion. mRNA was extracted from the antennae, legs (all six legs) and mouthparts (proboscis and labial palps) of one male and one female *H. erato*, *H. doris*, *H. sara*, and a nonpollen feeding sister species to *Heliconius*, *Eueides isabella*, using TRIzol (Life Technologies, Inc.). The labial palps were included due to their potential for a role in feeding. Illumina sequencing resulted in 24 sequenced libraries of 100 bp paired-end reads (see [Supplementary Methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) for details). Raw read data were also obtained for *H. melpomene rosina* from [@evw180-B13], which includes three biological replicate males and three females for each tissue type (ArrayExpress accession: E-TAB-1500). These data include resequenced samples from each tissue type of one male and one female comprising of 100 bp single-end reads. See [supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online for details of samples used in this study. Illumina read libraries are available as fastq files from the ArrayExpress database ([www.ebi.ac.uk/arrayexpress](http://www.ebi.ac.uk/arrayexpress)), accession number E-MTAB-3446.

Trinity Assembly and Mapping
----------------------------

*De novo* assemblies were performed for each of the five species using Trinity ([@evw180-B39]), assembling reads into contiguous sequences (\>300 bp) representing mRNA transcripts. For each species, libraries were mapped back to each final reference assembly using RSEM ([@evw180-B58]) and expression levels of each contig were quantified. FPKM ([f]{.ul}ragments [p]{.ul}er [k]{.ul}ilobase of exon per [m]{.ul}illion reads mapped) was calculated using RSEM, and normalized between libraries with the trimmed mean of M-values (TMM) method in the R package NOISeq ([@evw180-B81]). Fasta files of all five Trinity transcriptome assemblies and expression level counts of each Trinity "gene" are available from Dryad under the data identifier doi: 10.5061/dryad.8d724.

Differential Expression Analysis
--------------------------------

Differential expression analysis was performed on raw count data using the R package edgeR ([@evw180-B72]). Count data from single-end libraries were merged with the counts for their respective paired-end sequenced samples for analysis. The *H. melpomene* dataset thus comprised of three tissues---mouthparts, antennae and legs---from males and females, and three biological replicates of each. The remaining four species included six libraries per species, comprised of the three tissue types, each from one male and one female. In order to obtain contigs that demonstrated signals of strong upregulation in the mouthparts, differential expression analyses were performed to compare mouthparts gene expression to antennal and leg tissues, the latter tissues being used as "control" tissues due to their similarity to the proboscis in terms of developmental specification. Data from each species were analyzed separately. Each data set was filtered to remove contigs with low expression, retaining those contigs with \> 1 count per million in at least three groups for the *H. melpomene* data, and at least two groups for the other four species. Data were normalized between samples using the default TMM normalization method ([@evw180-B73]).

The *H. melpomene* count data were analyzed using a generalized linear model in edgeR, modeled as ∼tissue + sex. The remaining four species were modeled using the classic edgeR approach for single factor designs, with male and female samples grouped as biological replicates of each tissue type. In order to control for performing multiple tests, a false discovery rate (FDR; adjusted *P*-values) was calculated for each contig as per [@evw180-B79]. Contigs were defined as showing evidence of significant upregulation in the mouthparts when the FDR was \< 0.05 and contig expression increased by \> 1 log fold change (logFC) compared with the other tissues. Heatmaps were constructed with the R package Heatplus ([@evw180-B70]). The expression of several candidate genes in the proboscis, labial palps, and salivary glands was verified using reverse transcription polymerase chain reaction (RT-PCR; see [Supplementary Methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) and [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online for details).

Functional Assignment and Cross-Species Orthology Determination
---------------------------------------------------------------

Open reading frames (ORFs) for Trinity assembled contigs were predicted from the longest contig for each Trinity "gene" using the Trinity Transdecoder program, which produces the most likely nonoverlapping ORF(s). Instances of multiple ORFs per contig were filtered by choosing the ORF with the top BLAST hit (*e*-value) to a protein in the UniProt database (see below for BLAST details). Functional assignment of significant mouthparts-upregulated contigs was performed in Blast2GO ([@evw180-B18]), using default parameters. Blast2GO-assigned gene ontology (GO) functions were summarized by quantifying the number of contigs within level 2 biological process GO terms, and dissected to more specific terms, using the node information score to identify "hot spots" of GO terms within a network of GO term associations ([@evw180-B19]). All GO terms were for biological processes, the parameter α was set at the default 0.6 and GO terms were only considered if they had scores of \> 5.

Additionally, functions for each Trinity assembled contig were obtained through a separate BLAST of each species' ORFs to the UniProt ([@evw180-B5]) invertebrate database using Transcriptome Computational Workbench (*e*-value \< 1 × 10 ^−\ 10^; TCW v1.2; [@evw180-B78]). TCW obtains the best top hit and assigns a gene description to that ORF. TCW also utilizes OrthoMCL ([@evw180-B59]), which runs a Markov Cluster algorithm to group putative ortholog and recent paralog sequences into ortholog clusters (orthoclusters) across species. To identify orthoclusters, a joint all-against-all BLAST of Trinity-assembled contig ORFs across species was performed using BLAST+, filtering out contigs with \>99% pairwise identity. A database of cross-species sequence associations was created, with each orthocluster assigned a consensus functional description from the top UniProt BLAST hits. The filtering of highly similar sequences between species and the BLAST to the UniProt database ensured that contaminant sequences were not included in the final set of orthoclusters. Orthoclusters were then used to compare the orthology of genes upregulated in the mouthparts.

Orthoclusters that contained mouthparts-upregulated genes were compared for their presence in each *Heliconius* species, and absence in *E. isabella*. A five-way Venn diagram was created using web tools from the Bioinformatics and Systems Biology group, Ghent University ([http://bioinformatics.psb.ugent.be/webtools/Venn/](http://bioinformatics.psb.ugent.be/webtools/Venn)). Additional comparisons were made to identify contigs in at least three of the four *Heliconius* species and not in *E. isabella*. A text file containing the predicted ORF functional annotations (best BLAST hits) and orthocluster membership from each of the five Trinity assemblies are available from Dryad under the data identifier doi:10.5061/dryad.8d724.

Results
=======

De Novo Trinity Assembly
------------------------

Several assembly protocols were explored (see [Supplementary Methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1)). Trimmed reads without digital normalization produced the most optimal *de novo* assemblies and had a high mapping efficiency ([supplementary tables S3 and S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). The final assemblies included one male and one female from each tissue type for each species. Trinity *de novo* assemblies across species averaged 40,524 Trinity "genes" (nonredundant mRNA contigs) and 80,144 total contigs (averaging ∼2 isoforms per gene; [table 1](#evw180-T1){ref-type="table"}). The N50 of transcriptome assemblies across species averaged 2,617 bp ([table 1](#evw180-T1){ref-type="table"}) and mapping efficiencies across libraries and species ranged from 80--97%, with the exception of one library that had an efficiency of 75% ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Table 1Summaries of *De Novo* Assemblies Using TrinitySpecies**Number of Trinity "Genes"**Total Number of Trinity ContigsContig N50 (bp)*H. melpomene*570471219043244*H. erato*42628867262497*H. sara*32211607892334*H. doris*36180700812715*E. isabella*34555612212294Average40524801442617

Functions of Genes Upregulated in Labial Palps and Proboscis
------------------------------------------------------------

Differential expression analysis revealed an average of 463 contigs upregulated in the mouthparts across species (FDR \< 0.05, logFC \> 1), ranging from 236 in *H. erato* to 618 in *H. melpomene* ([table 2](#evw180-T2){ref-type="table"}; [fig. 2](#evw180-F2){ref-type="fig"}). Blast2GO annotations of these contigs suggested they had similar broad functions, the most common of which involved the term metabolic process ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Multi-level GO term annotations coupled with an enrichment score provided more detailed functions, including terms for proteolysis, carbohydrate and lipid metabolism (all Blast2GO node information scores \> 5; [supplementary figs. S2--S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbevol/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Proteolysis terms had the second highest score for all species except *H. erato* where its score was \< 5. Carbohydrate and lipid metabolism GO terms were present in each species except for *H. erato* and *E. isabella* where carbohydrate metabolism had a score of \< 5. [Fig]{.smallcaps}. 2.---.Heatmaps of significantly upregulated contigs in the mouthparts of each species (FDR \< 0.05, logFC of \> 1). Color scale indicates the scaled log counts-per-million expression difference between libraries, with each row being a contig. (*A*) *H. melpomene*, (*B*) *H. erato*, (*C*) *H. sara*, (*D*) *H. doris*, (*E*) *E. isabella*. A = antennae, L = legs, M = mouthparts. Table 2Number of Significantly Upregulated Contigs in the Mouthparts of Each SpeciesSpecies**Number of Significant Contigs**[\*](#evw180-TF1){ref-type="table-fn"}*H. melpomene*618*H. erato*236*H. sara*616*H. doris*555*E. isabella*289[^3]

Transcriptome Computational Workbench was used to examine the orthology of genes upregulated in the mouthparts by determining cross-species orthoclusters (putative ortholog and recent paralog sequences). In total, 69,022 amino acid sequences were obtained from the five assembled transcriptomes (including multiple instances of ORFs within a contig from Transdecoder), which clustered into 10,102 orthoclusters containing at least two amino acid sequences per cluster. In total, mouthparts-upregulated genes fell into 230, 116, 252, 219, and 154 different orthoclusters in *H. melpomene*, *H. erato*, *H. sara*, *H. doris* and *E. isabella*, respectively ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Orthologs were compared to determine those upregulated in the mouthparts of all species ([fig. 3](#evw180-F3){ref-type="fig"}). [Fig]{.smallcaps}. 3.---.Venn diagram of overlapping orthoclusters containing mouthparts-upregulated contigs. Highlighted is the overlap containing *Heliconius*-specific upregulated contigs (see table 4 for details).

Twenty-five orthoclusters were common to all species, including genes annotated with morphology and behavior ([table 3](#evw180-T3){ref-type="table"}). Two of these 25 clusters encoded homeobox proteins, *Pox-neuro* (OM001839) and *proboscipedia* (OM001622), which are involved in neurological ([@evw180-B65]) and proboscis development ([@evw180-B1]), respectively. *Dopa decarboxylase* (*Ddc;* OM000102) plays a role in learning ([@evw180-B82]) and longevity ([@evw180-B24]) in *Drosophila*. Chemosensory proteins (*CSP*s*;* OM000015) were also upregulated, including two in *H. melpomene* orthologous to genome annotations HMEL010989 and HMEL010990 (*CSP3*; [@evw180-B22]). Three of the 25 clusters were cuticle protein genes containing RR motifs (*CPRs*; [@evw180-B71]), one contained a juvenile hormone binding protein (OM000238), and one was orthologous to the *Drosophila buffy* gene, which functions in the cellular response to starvation ([@evw180-B45]). Table 3Orthoclusters of Mouthparts-Upregulated Genes Common to All Five Heliconiine SpeciesOrtholog Cluster IDGene NameFunctional Description**Number of Paralogs Demonstrating Significant Upregulation in the Mouthparts of Each Species**Contigs in Each Cluster*E. isabellaH. melpomeneH. eratoH. saraH. doris*OM000011*l(2)03659*Probable multidrug resistance-associated protein lethal(2)[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}79OM000014*FACR1*Fatty-acyl-CoA reductase (alcohol-forming) activity, ether lipid biosynthetic process[\*\*](#evw180-TF3){ref-type="table-fn"}3[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}6[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}5[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}3[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}6[\*\*](#evw180-TF3){ref-type="table-fn"}76OM000015*CSP*Chemosensory protein[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}6[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}5[\*\*](#evw180-TF3){ref-type="table-fn"}77OM000022*Wwox*WW domain-containing oxidoreductase[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}66OM000026*-*Aldo-keto reductase[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}4[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}4[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}4[\*](#evw180-TF3){ref-type="table-fn"}61OM000035-UDP-glucuronosyltransferase[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}50OM000040*-*Carbonyl reductase, NADPH activity[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}46OM000051*CPR*Cuticular protein RR-1 family, chitin-based cuticle development[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}6[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}5[\*\*](#evw180-TF3){ref-type="table-fn"}44OM000062-Elongase, elongation of very long chain fatty acids[\*](#evw180-TF3){ref-type="table-fn"}4[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}4[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}4[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}4[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}41OM000102*Ddc*Aromatic-L-amino-acid decarboxylase, response to stimulus, behavior, growth, pigmentation, cognition[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}25OM000188-Lipase, lipid metabolism[\*\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}18OM000193-C2 domain transmembrane protein[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}15OM000233[^a^](#evw180-TF3){ref-type="table-fn"}*cocoonase*Trypsin-like serine protease, proteolysis[\*\*\*](#evw180-TF3){ref-type="table-fn"}3[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}4[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*\*](#evw180-TF3){ref-type="table-fn"}17OM000238-Juvenile hormone binding protein[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}16OM000325-ABC transporter family G member[\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}2[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}14OM000556*CPR*Cuticular protein RR-1 family, chitin-based cuticle development[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}2[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}3[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}3[\*\*\*](#evw180-TF3){ref-type="table-fn"}11OM000832-Seminal fluid protein HACP060[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}6OM001210*-*Cellular retinaldehyde binding protein[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}8OM001622*proboscipedia*Homeobox protein, proboscis development[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}6OM001839*Pox neuro*Homeobox protein, nervous sytem development, adult feeding behavior, sensory organ development[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}6OM002337-Monocarboxylic acid transmembrane transporter activity[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}6OM003749-Steroid dehydrogenase activity[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}5OM004900*CPR*Cuticular protein RR-3 family, chitin-based cuticle development[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}5OM005185*buffy*Regulation of cell death, cellular response to starvation[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}5OM007063*GPAT*Glycerol-3-phosphate acyltransferase, phospholipid metabolism[\*](#evw180-TF3){ref-type="table-fn"}1[\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*\*](#evw180-TF3){ref-type="table-fn"}[\*\*](#evw180-TF3){ref-type="table-fn"}1[\*\*](#evw180-TF3){ref-type="table-fn"}5[^4][^5]

The majority of the remaining common orthoclusters was annotated with metabolic functions. One was annotated with proteolysis: *cocoonase* (OM000233, see below and [fig. 4](#evw180-F4){ref-type="fig"}), and several with lipid metabolism. Lipase (OM000188) is involved in several key roles in insects, including embryogenesis, flight and metamorphosis ([@evw180-B37]; [@evw180-B43]). Fatty-acyl-CoA reductase (OM000014) and *GPAT* (glycerol-3-phosphate acyltransferase; OM007063) play a role in lipid metabolism, specifically *GPAT* is associated with phospholipid metabolism, using glycerol-3-phosphate and acyl-CoA as substrates ([@evw180-B38]; [@evw180-B89]). Common clusters also included drug detoxification genes such as UDP-glucuronosyltransferase, which is responsible for a large proportion of drug metabolism ([@evw180-B67]). Lastly, the cellular retinaldehyde binding protein cluster (OM001210) belongs to the CRAL-TRIO domain containing protein family that underwent a recent large expansion in Lepidoptera ([@evw180-B77]). [Fig]{.smallcaps}. 4.---.Genomic annotation of *Heliconius melpomene cocoonase 1--4*. (*A*) Previous annotation of gene HMEL006217 (green) and new annotations of each *cocoonase* (purple, red, blue, orange). (*B*) A maximum-likelihood tree of *cocoonase* nucleotide sequences with bootstrap support values (above branches; \< 50% values not shown) and branch length scale bar (substitutions per site). Red asterisks denote mouthparts-upregulated contigs and red arrows are inferred duplication events. (*C*) Amino acid (aa) lengths of representative *cocoonase* genes. (*D*) Amino acid alignment of *cocoonases*.

Genes that were uniquely upregulated in the mouthparts of each species were annotated with numerous functions, including metabolism of different nutrient classes ([supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online).

Candidate Pollen-Feeding Genes
------------------------------

Genes belonging to eleven orthoclusters demonstrated *Heliconius*-specific upregulation in the mouthparts (FDR \< 0.05, logFC \> 1; [table 4](#evw180-T4){ref-type="table"}; [fig. 5A](#evw180-F5){ref-type="fig"}). Six were annotated with metabolism related functions. These included two single-copy clusters related to proteolysis: *coagulation factor X* (OM002911), a trypsin-like serine protease, and *Serpin100A* (OM001769), a serine protease inhibitor. Also present were carbohydrate metabolism (maltose phosphorylase; OM001951), *luciferase-*like (luciferin 4-monooxygenas*e*; OM000048), and *Adh-*like (alcohol dehydrogenase; OM000265) genes. Three clusters contained *CPR* cuticle proteins (see [@evw180-B25] for a recent classification of these proteins), and two contained genes that impact behavior: orthologs of *egon*/*eagle* genes (embryonic gonad; OM003483) and *takeout-*like genes (OM000111). [Fig]{.smallcaps}. 5.---Average expression levels of genes upregulated in *Heliconius* mouthparts and *luciferase-*like gene family phylogeny. (*A*) Color bar is the scaled log counts-per-million difference between tissues. Multiple homologs from a single orthocluster are presented as half-size boxes in the same row. Genes are also listed in table 4. (*B*) Maximum-likelihood tree of *luciferase-*like genes including bootstrap support values (above branches; \< 50% values not shown) and branch length scale bar (substitutions per site). Red asterisks indicate genes significantly upregulated in mouthparts (FDR \< 0.05, logFC \> 1). *H. erato luciferase-*like *8* did not reach this threshold. Mean and standard error of gene expression (FPKM) for *luciferase-*like *8* and *9* are shown (*Heliconius* genes in red, *E. isabella* in blue). FPKM was normalized between species (to *H. melpomene*) using a normalization factor derived from a highly and stably expressed reference gene (*Drosophila* ortholog *cryptocephal*). A = antennae, L = legs and M = mouthparts. Table 4Orthoclusters of Mouthparts-Upregulated Genes in *Heliconius* but not *Eueides*Ortholog CLuster IDGene NameFunctional Description**Number of Paralogs Demonstrating Significant Upregulation in the Mouthparts of Each Species**Contigs in Each Cluster*E. isabellaH. melpomeneH. eratoH. saraH. doris*OM000048*luciferase*-likeLuciferin 4-monooxygenase, ATP-dependent monooxygenase/long chain fatty acyl-CoA synthetase0[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}2[\*](#evw180-TF8){ref-type="table-fn"}40OM000111*takeout*-likeCircadian clock-controlled, adult feeding behavior0[\*](#evw180-TF8){ref-type="table-fn"}2[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}2[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}2[\*\*](#evw180-TF8){ref-type="table-fn"}28OM000264*CPR*Cuticular protein RR1 family, chitin-based cuticle development0[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}2[\*\*](#evw180-TF8){ref-type="table-fn"}16OM000265*Adh*-likeAlcohol dehydrogenase, 15-hydroxyprostaglandin dehydrogenase0[\*](#evw180-TF8){ref-type="table-fn"}2[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}2[\*\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}16OM001769*Serpin100A*Serine protease inhibitor 100A, regulation of proteolysis0[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}5OM001951-Maltose phosphorylase, carbohydrate metabolism0[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}5OM002911*coagulation factor X*Trypsin-like serine endopeptidase, proteolysis0[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}5OM003483*egon/eagle*Zinc finger transcription factor0[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}5OM003746*CPR*Cuticular protein RR1 motif, chitin-based cuticle development0[\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}5OM004221-ATP-citrate synthase, TCA cycle0[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}5OM005658[^a^](#evw180-TF8){ref-type="table-fn"}*CPR*Cuticular protein RR1 motif, chitin-based cuticle development-[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*](#evw180-TF8){ref-type="table-fn"}1[\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*](#evw180-TF8){ref-type="table-fn"}[\*\*\*](#evw180-TF8){ref-type="table-fn"}1[\*\*\*](#evw180-TF8){ref-type="table-fn"}4[^6][^7]

We also examined genes that were upregulated in the mouthparts in any three *Heliconius* species, but not upregulated in *E. isabella* mouthparts ([supplementary table S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). This group consisted of 20 additional orthoclusters that had similar functions to the 11 *Heliconius*-specific clusters. Functions included one proteolysis-related peptidase cluster (OM001715), four cuticle-related clusters, including cuticle pigmentation (*yellow-c*; OM000067) and development, and nine clusters involved in metabolism including a glycoside hydrolase (*myrosinase 1;* OM000005).

Signal Peptide Analysis
-----------------------

To assess whether putative proteins upregulated in the mouthparts were destined for the secretory pathway, signal peptide analysis was performed on ORFs common to all species (25), and *Heliconius* alone (11) (see [Supplementary Methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) for details). Of these 36 proteins, 19 contained a signal peptide region in their N-terminal domain, suggesting they are secreted ([supplementary table S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Seventeen of the 36 had digestion-related annotations, and of these 10 contained ORFs with signal peptides. These included *cocoonase*, *coagulation factor X*, *Serpin100A*, *luciferase*-like, lipase and *GPAT*. Additionally, all cuticular proteins contained signal peptides, as well as *takeout*-like, chemosensory, and juvenile hormone binding proteins. It should be noted that this method detects classically secreted proteins and thus the remaining ORFs could include nonclassically secreted proteins with currently unknown sequence motifs.

Cocoonase and Luciferase Gene Duplications
------------------------------------------

*Cocoonase* appears to be present as a single copy in the silkmoth *Bombyx mori*, the diamond backed moth *Plutella xylostella*, the monarch butterfly *Danaus plexippus*, and the Glanville fritillary *Melitaea cinxia* genomes ([@evw180-B49]; [@evw180-B92]; [@evw180-B91]; [@evw180-B2]). However, we uncovered a more complex evolutionary history of *cocoonase* within heliconiine butterflies. We discovered four tandem duplicates of *cocoonase* on genomic scaffold HE672036 of the *H. melpomene* genome, originally annotated as one large predicted gene containing 14 exons (HMEL006217; [@evw180-B22]; [fig. 4](#evw180-F4){ref-type="fig"}). Two additional *cocoonases* were discovered on an unscaffolded genomic contig (HMEL017107). These additional copies are considered here as different versions of *cocoonase 5* due to the close similarity of their nucleotide sequences (named *cocoonase 5a* and *5b*; [fig. 4A](#evw180-F4){ref-type="fig"}). Each of the five *cocoonase* genes was present in the *de novo* transcriptomes of the other *Heliconius* species, except for *H. erato cocoonase 3*, and *H. doris cocoonase 1* and *4*. Only four *cocoonase* genes were present in the *E. isabella* transcriptome assembly. Phylogenetic analysis indicates that *cocoonase 3* and *4* arose via a gene duplication event specific to *Heliconius* ([fig. 4B](#evw180-F4){ref-type="fig"}). Most *cocoonase* paralogs were upregulated in the mouthparts across all five species ([fig. 4B](#evw180-F4){ref-type="fig"}); however, while *cocoonase* paralogs *2*--*5* were upregulated across species, *cocoonase 1* was not in any species, although it was still expressed in the proboscis (see below). Lengths of predicted amino acid sequences and their alignments are shown in [figure 4C and D](#evw180-F4){ref-type="fig"}.

Maximum-likelihood trees of genes upregulated in *Heliconius* mouthparts also revealed other gene duplication events ([fig. 5](#evw180-F5){ref-type="fig"} and [supplementary fig. S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). For example, *luciferase-*like genes appear to have undergone 3--4 rounds of duplication in heliconiines, and a unique duplication event occurred in *Heliconius* producing *luciferase*-like *4* and *5*, and resulting in nine *Heliconius* paralogous groups in total. Three *luciferase*-like paralogs showed mouthparts-upregulation, most notably paralogs *8* and *9*; orthologs of these three genes in *E. isabella* did not show upregulation ([fig. 5B](#evw180-F5){ref-type="fig"}).

Confirmation of Tissue-Specific Expression of Candidate Genes
-------------------------------------------------------------

To clarify whether mouthparts-upregulated genes related to metabolism are indeed expressed in the proboscis, we performed separate RT-PCRs using mRNA extracted from *H. melpomene* male and female proboscides, labial palps, and salivary glands ([fig. 6](#evw180-F6){ref-type="fig"}). Overall, we found no difference in expression between the sexes. Peptidase (OM001715) and *cocoonase 4* were exclusively expressed in the proboscis tissue, and *coagulation factor X*, *cocoonase 1*, *cocoonase 5*, and *luciferase 9* displayed high expression levels in the proboscis with only faint bands amplifying from one or both of the other two tissues. *Cocoonase 3* displayed similar expression levels in the proboscis and labial palps, with lower expression in the salivary glands. The remaining luciferases were either expressed across all tissues or had reduced expression in the proboscis. *Serpin 100A* and positive control *EF1alpha* were expressed across all tissue types. [Fig]{.smallcaps}. 6.---RT-PCR results of candidate genes involved in proteolysis and lipid metabolism in *H. melpomene* female and male proboscis, labial palps and salivary glands. Each row is a separate gene and columns are male and female samples from each tissue type, with the final column being the negative control (water). *EF1alpha* is a positive control and is expressed in every sample.

Discussion
==========

Pollen feeding in *Heliconius* is unique amongst butterflies and may have played an important role in their evolutionary history. We used RNA-Seq data from four species of *Heliconius* and one nonpollen feeding species, *E. isabella*, across three tissue types to identify genes that demonstrated upregulation in the proboscis and labial palps. We identified several hundred mouthparts-upregulated genes in each species, which were primarily involved in metabolism. Twenty-five of these genes were upregulated in all five species, and 11 displayed *Heliconius*-specific upregulation. We find evidence for both gene duplication and expression regulation changes during the evolution of mouthpart-specific gene expression, and these candidate genes provide a starting point from which to examine the genetic basis of pollen feeding ([fig. 7](#evw180-F7){ref-type="fig"}). [Fig]{.smallcaps}. 7.---Cartoon of *cocoonase* and *luciferase-*like evolution within heliconiine butterflies. (*A*) Gene duplication events and potential regulatory changes mapped on to a species tree. Heliconiinae divergence time estimates obtained from [@evw180-B53], and *D. plexippus* divergence from Heliconiinae from [@evw180-B53] and [@evw180-B94] (range of 50--80 Ma). Red branches indicate pollen feeders and black branches nonpollen feeders. (*B*) Examples of mouthparts-upregulated genes common to heliconiine species and those specific to *Heliconius*, across three broad classes of phenotypes (morphology, behavior and metabolism).

Gene Expression in Butterfly Proboscis and Labial Palps
-------------------------------------------------------

The majority of genes upregulated in the mouthparts of all five species was annotated with metabolic functions, some of which might be linked to their role in feeding. Digestion involves the three broad nutrient classes: proteins, carbohydrates and lipids ([@evw180-B84]). Genes encoding enzymes involved in processing these three classes were seen in the Blast2GO annotations, particularly genes involved in proteolysis ([supplementary figs. S2--S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbevol/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online).

The broad functions of the Blast2GO annotations for genes upregulated in the mouthparts ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online) were similar to those of genes expressed in the saliva and salivary glands of several insect species. Transcriptional profiles of the salivary glands from the potato leaf hopper (*Empoasca fabae*), the white fly (*Bemisia tabaci*) and the western flower thrip (*Frankliniella occidentalis*) show the majority of genes to fall into the GO term metabolic process, closely followed by cellular process, localization or biological regulation ([@evw180-B23]; [@evw180-B80]). Some specific classes of genes are thought to be particularly important to insect digestion, including lipases, trypsin-like serine proteases and glycoside hydrolases ([@evw180-B86]; [@evw180-B85]; [@evw180-B28]; [@evw180-B44]; [@evw180-B76]), all of which were detected as being upregulated in the mouthparts of the five species examined ([table 3](#evw180-T3){ref-type="table"} and [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). However, despite the broad functional overlap between species, ortholog comparisons of mouthparts-upregulated genes revealed only twenty-five clusters common to all species.

One such cluster was annotated with proteolysis and contained five *cocoonase* homologs (OM000233) and a potential copy number variant in the reference genome of *H. melpomene*. *Cocoonase* aids in eclosure in moths by degrading sericin in silk that holds together the fibroin silk fibers; it is produced during the pupal-adult transformation by specialized cells in the galeae tissue of the proboscis ([@evw180-B52]; [@evw180-B50]; [@evw180-B57]; [@evw180-B54]; [@evw180-B33]). *Cocoonase* is deposited as a dry enzyme on the proboscis and immediately mixed with a solvent produced by the labial glands, hydrolyzing the proteinaceous matrix of the cocoon ([@evw180-B51]**)**. We found evidence for five duplication events of *cocoonase* genes within Lepidoptera, which led to four paralogous clades in heliconiine butterflies, a fourth duplication specific to *Heliconius* creating *cocoonases 3* and *4*, and a more recent duplication event leading to *cocoonases 5a* and *5b* in *H. melpomene* ([fig. 4](#evw180-F4){ref-type="fig"}). Given the digestive properties of *cocoonase*, the absence of a silk cocoon in butterflies, and the expression of duplicates in adult butterfly mouthparts, it is possible that the retention of heliconiine-specific duplications is linked to feeding in adults.

The presence of mRNA in adult mouthparts from genes encoding digestive enzymes further suggests that the proboscis might play a more direct role in digestion---and possibly, nutrient uptake (see below)---than previously thought. Our RT-PCR results indicate that several metabolism genes were highly expressed in the proboscis tissue but not in the labial palps or salivary glands ([fig. 6](#evw180-F6){ref-type="fig"}). Further, many of the digestion annotated genes also contained signals of secretion, including *cocoonase*, suggesting that the proboscis might directly secrete digestive enzymes. However, few studies have examined the protein content of insect saliva directly (rather than salivary glands). Interestingly, at least one protein directly secreted by the proboscis, *cocoonase* ([@evw180-B51]), has also been isolated from butterfly saliva ([@evw180-B40]). [@evw180-B40] isolated 31 proteins from *H. melpomene aglaope* saliva that were annotated with carbohydrate hydrolysis, proteolysis, and immunity functions. Of these 31 saliva proteins, 19 were expressed in the mouthparts of our *H. melpomene* individuals with \> 1 FPKM average expression level, although only two, matching the previous annotations of *cocoonase* genes (HMEL006217 and HMEL017107), were upregulated in the mouthparts. The presence of key digestive enzyme transcripts in the mouthparts of butterflies suggests that the proboscis, in conjunction with the salivary glands, could be a source of enzymes involved in extraoral digestion. Intriguingly, we found amino acid transporters upregulated in the mouthparts of most species, suggesting that the proboscis might also play a role in nutrient absorption ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online).

Gene Expression in Heliconius Proboscis and Labial Palps
--------------------------------------------------------

Several morphological, behavioral and metabolic phenotypes have been associated with pollen feeding that could potentially be the result of adaptation. These include proboscis size and shape, pollen processing behavior, and the secretion of digestive enzymes, particularly proteases. We discovered genes upregulated in the mouthparts of *Heliconius* that were annotated with functions for each of these three categories ([fig. 7](#evw180-F7){ref-type="fig"}).

Morphology related expression included three clusters of *CPR* cuticle genes. The precise role of cuticle proteins in the formation of insect cuticles is still unclear, however amino acid motifs common to all CPR proteins, RR consensus motifs ([@evw180-B71]), are known to play a key role in cuticle structure. Lepidopterans, such as *Manduca sexta*, have an enormous repertoire of these genes, more than any other insect for which these proteins have been characterized ([@evw180-B25]). Proteins containing RR motifs can be split into three groups. The RR1 motif is predominantly found in soft (flexible) tissues, the RR2 in hard (rigid) tissues and the tissue specificity of a third form, RR3, has yet to be elucidated ([@evw180-B3], [@evw180-B4]; [@evw180-B46]). Both RR1 and RR3 families of *CPR*s were upregulated in both *Eueides* and *Heliconius* mouthparts ([table 3](#evw180-T3){ref-type="table"}). Three additional clusters of *CPR*s with RR1 motifs were upregulated only in *Heliconius* mouthparts ([table 4](#evw180-T4){ref-type="table"}), suggesting a critical role for flexible tissue cuticle genes in *Heliconius* proboscis morphology.

Two genes annotated with specific functions for feeding behavior and development, *takeout*-like (OM000111) and *egon/eagle* (OM003483) respectively, were upregulated in *Heliconius* mouthparts ([supplementary fig. S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online, [table 4](#evw180-T4){ref-type="table"}). The circadian clock-regulated gene *takeout* is a transcription factor expressed in the head, proventriculus, crop, and antennae in *Drosophila* and appears to be a direct molecular link between the circadian clock and the feeding/starvation response ([@evw180-B75]). Further, *takeout* has been associated with the aging process and overexpression of this gene in the adult nervous system, head fat body or abdominal fat body of *Drosophila* can lead to around a 20% increase in longevity ([@evw180-B7]). In *Drosophila*, the embryonic gonad gene *egon/eagle* plays a role in neurological differentiation during development, specifying the fate of serotonin neurons ([@evw180-B62]). Serotonin is a neurotransmitter that is conserved across both vertebrates and invertebrates ([@evw180-B62]), and plays a general role in locomotion, and in feeding behavior in ants ([@evw180-B31]), bees ([@evw180-B32]) and flies ([@evw180-B21]; [@evw180-B64]). The upregulation of gene family members of these two feeding behavior genes in the mouthparts of *Heliconius* species implicates them as potential candidate genes for the unique feeding behavior seen in this group.

Finally, the nutritional content of pollen can vary greatly, however the general consensus for the composition of pollen collected by bees is 10--40% protein, 1--13% lipid, and 12--55% carbohydrate ([@evw180-B15]). Orthologs of the firefly *luciferase* were upregulated in *Heliconius* mouthparts and can have a dual function, one as an ATP-dependent monooxygenase in bioluminescence pathways, and another in lipid metabolism due to its structural similarity to fatty acyl-CoA synthetase ([@evw180-B66]). One key predication of this study was that, due to the high protein content of pollen, genes relating to protein digestion would show signals of strong upregulation in the mouthparts of *Heliconius* species and not the nonpollen feeding *Eueides* species. Indeed we found proteases and a protease-inhibitor (*Serpin100A*) with *Heliconius*-specific mouthparts upregulation. However, we also found proteolysis genes to be upregulated in the mouthparts of *E. isabella* ([supplementary fig. S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online) suggesting that nonpollen feeders may have the capability to digest pollen-derived amino acids. [@evw180-B83] note that the presence of complex digestive enzymes in nectar-feeding moths, and the ability of adult Lepidoptera to feed on very different nutritional sources (e.g., pollen, blood, feces, and more), suggests there might be no enzymatic constraint other than perhaps protein expression levels to the evolution of feeding on additional food sources ([@evw180-B6]; [@evw180-B35]). Nectar can contain trace amounts of proteins and free amino acids either naturally, or released from pollen grains ([@evw180-B60]; [@evw180-B35]). Thus some nonpollen feeders might be exposed to, and be able to metabolize, amino acids derived from pollen. It has been hypothesized that feeding on amino acids in nectar coupled with the proboscis grooming behavior initiated by pollen grains caught on the proboscis might have been the starting point towards the evolution of pollen feeding in *Heliconius* ([@evw180-B30]; [@evw180-B42]). This in turn suggests that the evolution of pollen feeding might have begun with behavioral and morphological changes involving the collection, retention, and processing of pollen.

Conclusions
===========

We find evidence of gene duplication events and regulatory changes in genes upregulated in the *Heliconius* proboscis and labial palps, and identify several candidate genes for pollen feeding behavior. For example, *luciferase*-like genes demonstrated a recent gene expansion event followed by the evolution of tissue-specific expression in *Heliconius* species ([figs. 5B and 7](#evw180-F5 evw180-F7){ref-type="fig"}). This suggests that the upregulation of *luciferase-*like genes could have played a role in the *Heliconius* pollen-feeding adaptation. One way to test this hypothesis would be to examine the levels of *luciferase-*like expression in *Neruda* spp*. Neruda* consists of several species that have been reclassified as members of the genus *Heliconius* ([@evw180-B8]; [@evw180-B53]) and which appear to have secondarily lost the pollen-feeding trait ([@evw180-B35]; [@evw180-B14]; Neil Rosser, pers. comm.). We predict that levels of *luciferase-*like expression in *Neruda* would resemble those of *Eueides.* Future genetic studies examining pollen feeding should quantify gene expression in the *Heliconius* salivary glands, investigate enzyme production by the proboscis, and examine gene expression linked to the fitness benefits of pollen feeding.
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[^3]: \*Significance threshold of \< 0.05 FDR (adjusted *P*-value), and \> 1 log fold change in expression.

[^4]: [Note]{.smallcaps}.---At least one gene per orthocluster was significantly upregulated in the mouthparts (FDR \< 0.05, logFC \>1) of all species. The number of significantly upregulated mouthparts genes belonging to each cluster is presented alongside cluster totals. Genes were named according to their closest *Drosophila* or insect homologs.

[^5]: ^a^ Paralog counts obtained from manual annotation, all other clusters from automated annotation ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw180/-/DC1) online). Asterisks denote FDR (adjusted *P*-value) strength of upregulated genes in mouthparts to legs (left of number) and mouthparts to antennae (right of number) comparisons. Where more than one paralog is upregulated, the least significant FDRs are presented: \*\< 0.05, \*\*\< 1 × 10 ^−\ 5^, \*\*\*\< 1 × 10 ^−\ 10^.

[^6]: [Note]{.smallcaps}.---At least one gene per orthocluster was significantly upregulated in the mouthparts (FDR \< 0.05, logFC \>1) of all four *Heliconius* species, but not *E. isabella*. The number of significantly upregulated mouthparts genes belonging to each cluster is presented alongside cluster totals. Genes were named according to their closest *Drosophila* or insect homologs.

[^7]: ^a^ *Eueides isabella* sequence not found in cluster. Asterisks denote FDR (adjusted *P*-value) strength of upregulated genes in mouthparts to legs (left of number) and mouthparts to antennae (right of number) comparisons. Where more one than paralog is upregulated, the least significant FDRs are presented: \*\< 0.05, \*\*\< 1 × 10 ^−\ 5^, \*\*\*\< 1 × 10 ^−\ 10^.
